Signal transduction networks in mammalian cells, comprising a limited set of interacting biochemical pathways, are accessed by various growth factor and cytokine receptors to elicit distinct cell responses. This raises the question as to how specificity of the stimulus-response relationship is encoded at the molecular level. It has been proposed that specificity arises not only from the activation of unique signalling pathways, but also from quantitative differences in the activation and regulation of shared receptor-proximal signalling proteins. To address such hypotheses, data sets with greater precision and coverage of experimental conditions will need to be acquired, and rigorous frameworks that codify and parameterize the inherently non-linear relationships among signalling activities will need to be developed. In the present study we apply a systematic approach combining quantitative measurements and mathematical modelling to compare the signalling networks accessed by FGF (fibroblast growth factor) and PDGF (plateletderived growth factor) receptors in mouse fibroblasts, in which the ERK (extracellular-signal-regulated kinase) cascade is activated by Ras-and PI3K (phosphoinositide 3-kinase)-dependent pathways. We show that, whereas the FGF stimulation of PI3K signalling is relatively weak, this deficiency is compensated for by a more potent Ras-dependent activation of ERK. Thus, as the modelling would predict, the ERK pathway is activated to a greater extent in cells co-stimulated with FGF and PDGF, relative to the saturated levels achieved with either ligand alone. It is envisaged that similar approaches will prove valuable in the elucidation of quantitative differences among other closely related receptor signalling networks.
INTRODUCTION
Mammalian cells respond to a diverse variety of growth factors, cytokines and hormones, which are generally recognized through ligation of specific cell-surface receptors. Whereas the receptor repertoire of a cell determines the subset of chemical signals to which it can respond, those receptors typically plug into a common set of conserved signalling pathways; a question of longstanding interest, then, is how different stimuli or combinations of stimuli might elicit distinct responses [1] . Several conceptual and theoretical models of how such specificity is achieved have been offered. For one, specificity might be encoded by the interactions of individual receptor molecules with other cellular proteins. In the case of receptor tyrosine kinases, which include the receptors for various extracellular growth factors, ligand binding results in selfphosphorylation of tyrosine residues in the receptor cytoplasmic domain [2] and interactions with multiple SH2 (Src homology 2) domain-and phosphotyrosine-binding domain-containing enzymes and protein adaptors [3] . Thus the phosphorylation stoichiometries of the various receptor sites and their binding affinities for cytoplasmic proteins quantitatively influence the relative activation levels of different signalling pathways, which additionally offers an explanation for how the same stimulus can elicit different responses depending on its concentration. Specificity might also be encoded by the kinetics of activation. In one popular conceptual model, it was proposed that the signalling outcome depends on whether an upstream pathway is activated with sustained compared with transient kinetics [4] . Theoretical models have supplemented this concept with the notion that the initial rate of activation, high compared with low, might be selective for triggering different downstream pathways [5, 6] .
The use of mathematical models complements the traditional pathway-oriented (epistasis) approach by readily incorporating non-linearities that commonly arise as a consequence of inter-pathway cross-talk and feedback/feedforward loops. To the extent that they are trained on quantitative data, such models are capable of generating quantitative predictions. The concepts of signalling specificity outlined above highlight the need for systematic measurements characterizing the nonlinear input-output relationships in signal transduction networks, accounting for magnitude, sensitivity and kinetics. Whereas early investigations sought to establish the relative potencies of growth factors in the activation [7, 8] and desensitization [9] of certain signalling pathways, very few studies have been designed so as to vary the stimulation dose and time in conjunction with molecular perturbations of the network. This has been rectified to various extents in recent years through data-driven mathematical modelling, which has been successfully applied to the analysis of cells stimulated with multiple growth factors and cytokines [10] [11] [12] [13] [14] ; however, a more concerted data acquisition effort is needed to bring this approach to the level of predicting network dynamics for a variety of stimuli in common cellular backgrounds, which will be important if we are to understand and predict naturally occurring and interventional modes of cell regulation [15, 16] .
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In the present study, we build upon systematic analyses of the PDGF (platelet-derived growth factor) receptor signalling network in mouse fibroblasts, which governs activation of the classical Raf→MEK [MAPK (mitogenactivated protein kinase)/ERK (extracellular-signal-regulated kinase) kinase]→ERK cascade, a master regulator of cell fate [17, 18] . Our previous studies focused on the dynamic contributions of the canonical Ras-dependent pathway and noncanonical PI3K (phosphoinositide 3-kinase)-dependent cross-talk [19] , as well as regulation of the network by multiple ERKdependent negative-feedback loops [20] . In the present study we offer a quantitative data set of FGF (fibroblast growth factor) receptor-mediated signalling readouts in the same cells and analyses directed towards reconciling the FGF and PDGF receptor networks with a unified kinetic model. One major difference is that FGF is a relatively weak stimulus for the PI3K pathway in these cells, and thus ERK activation is primarily Ras-dependent in this context. We further show that the potencies of Rasdependent signalling to MEK/ERK mediated by FGF and PDGF receptors cannot be explained by differences in the amounts of Ras-GTP generated on a whole-cell basis; Ras activated in response to FGF is more potent. It is speculated that FGF and PDGF receptor signalling components are differentially localized and thus activate different pools of membrane-associated Ras.
EXPERIMENTAL

Reagents
All tissue culture reagents were from Invitrogen. Human recombinant PDGF-BB and murine recombinant FGF-2 were purchased from Peprotech. Antibodies against total ERK1/2 and phosphospecific antibodies against Akt pSer 473 , ERK pThr 202 /pTyr 204 and MEK pSer 217 /pSer 221 were from Cell Signaling Technology; antibodies against Ras (Y13-259, agarose-conjugated) and Akt1/2 N-termini were from Santa Cruz Biotechnology. The pharmacological inhibitors LY294002 and PD098059 were from Calbiochem and were pre-incubated with the cells for 30-60 min prior to growth-factor stimulation. The choice of these inhibitors followed conditions used previously [19] ; the specificity of LY294002 treatment was checked using the LY303511 compound, and although PD098059 suffers from lack of solubility and potency, its specificity is well characterized [21] . The siGENOME siRNA (small interfering RNA) reagents and siGENOME SMARTpool siRNAs against ERK1 (GeneID: 26417) and ERK2 (GeneID: 26413), and siGENOME Non-Targeting siRNA Pool #2 were purchased from Dharmacon. Unless otherwise specified, all other reagents were from Sigma-Aldrich.
Cell culture and siRNA transfection NIH 3T3 fibroblasts (A.T.C.C.) were cultured at 37
• C and 5 % CO 2 in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % fetal bovine serum, 2 mM L-glutamine, and the antibiotics penicillin (100 units/ml) and streptomycin sulfate (100 μg/ml). Where applicable, NIH 3T3 cells were serially infected with retrovirus bearing empty vector or S17N H-Ras and selected using puromycin prior to each experiment, as described previously [19, 22] . NIH 3T3 cells were transfected with siRNAs according to the manufacturer's protocol and incubated for 3 days prior to the experiment.
Lysate preparation and biochemical assays
Cells were serum-starved for 4 h prior to stimulation. Detergent lysates were prepared for quantitative immunoblotting, and immunoblots were performed using enhanced chemiluminescence, as described previously [19, 20] . Blots comparing lysates prepared on the same day, representing either different inhibitor treatments or different cell variants and respective control conditions, were performed in parallel and exposed at the same time. The BioRad Fluor S-Max system, which gives a linear response with respect to light output, was used, and band intensity was quantified using local background subtraction. To determine the amounts of Ras-bound GTP (from all Ras isoforms), eluted from anti-Ras immunoprecipitates (Y13-259, agarose-conjugated), the coupled nucleoside-5 -diphosphate kinase/luciferase assay was performed as described previously [19, 22] . Both types of data were first normalized by an appropriate loading control and then further normalized to evaluate the consistency of relative trends across independent experiments, according to the procedures previously described in detail [19] .
Kinetic models and computational analysis
The mathematical models and analyses applied in the present study are described in detail in the Supplementary Online Data (at http://www.BiochemJ.org/bj/441/bj4410077add.htm). Our previously published model of the PDGF receptor network [20] was modified by removing the feedback modulation of ERK phosphatase expression levels; as previously shown in that work, this simplification substantially reduces the number of model parameters without affecting the fit to the PDGF data set. The model of FGF receptor signalling was adapted from this model with phenomenological equations for the kinetics of FGF receptor-mediated recruitment of Ras GEF (guanine-nucleotideexchange factor) and PI3K activities. SBML files encoding the modified PDGF receptor network model and the FGF receptor network model are provided in the Supplementary Online Data.
The parameter estimation approach used has been described in detail previously [20, 23] and is reviewed in the Supplementary Online Data. Briefly, the approach uses a Monte Carlo/simulated annealing-based algorithm to generate a large (n = 10 000) ensemble of 'good' parameter sets rather than one 'best' fit. After compiling the ensemble, the model output is recalculated for each parameter set, and at each time point, an ensemble mean and S.D. are calculated.
RESULTS
The FGF receptor signalling network in mouse fibroblasts features relatively weak stimulation of the PI3K/Akt pathway and predominantly Ras-dependent activation of the ERK cascade
In quantitative studies carried out in NIH 3T3 mouse fibroblasts, we previously showed that PDGF receptor-mediated signalling to ERK is channelled through two distinct pathways: the canonical Ras-dependent pathway and an equally, if not more, important pathway involving PI3K-dependent cross-talk [19] . As expected, we found that FGF also stimulates activation of the ERK pathway in these cells, assessed quantitatively at the level of MEK1/2 and ERK1/2 phosphorylation (Figure 1a) . The response was found to be saturated at concentrations of FGF-2 well below 1 nM (Supplementary Figure  S1 at http://www.BiochemJ.org/bj/441/bj4410077add.htm). In contrast, FGF only weakly stimulated PI3K-dependent phosphorylation of Akt (Figures 1a and 1b) . Despite this disparity in PI3K signalling, maximal FGF and PDGF stimulation yielded quantitatively similar plateau levels (i.e. for time points 30 min) of MEK phosphorylation (Figure 1c ) and of ERK phosphorylation ( Figure 1d ), measured in side-by-side experiments. The time courses of FGF-stimulated MEK and ERK phosphorylation do, however, exhibit lower peak values than those in PDGFstimulated cells. Thus, for FGF in relation to PDGF, it would seem that PI3K-dependent signalling is contributing far less to the activation of MEK and, conversely, that Ras-dependent signalling is contributing more.
In support of this hypothesis, we found that inhibition of PI3K using LY294002 only modestly affected MEK and ERK phosphorylation stimulated by high (1 nM) or subsaturating (0.01 nM) doses of FGF (Figures 2a and 2b) , whereas PI3K inhibition substantially reduced PDGF-stimulated MEK/ERK phosphorylation ( Figure 2c ) [19, 20] . Accordingly, blocking receptor-mediated activation of endogenous Ras through stable expression of dominant-negative S17N H-Ras has a more dramatic effect on FGF-stimulated MEK/ERK phosphorylation; in response to either ligand, simultaneous blockade of both Ras-and PI3K-dependent signalling ablated MEK and ERK phosphorylation almost completely (Figures 2b and 2c) . Quantification of peak phospho-ERK/total ERK ratios (1 nM FGF or PDGF stimulation for 15 min) showed that PI3K inhibition reduced ERK phosphorylation by only 13 + − 7 % in FGFstimulated cells, as compared with 58 + − 3 % in PDGF-stimulated cells, whereas Ras inhibition reduced ERK phosphorylation by 66 + − 7 % and 42 + − 11 % in FGF-and PDGF-stimulated cells respectively (means + − S.E.M.).
It has been established, largely through the use of GTPasedefective mutants of Ras, that PI3K is an effector of Ras [24] ; however, activated PDGF receptors are far more potent in mobilizing PI3K recruitment. We have previously shown that expression of dominant-negative Ras modestly reduces PDGFstimulated PI3K/Akt signalling in our cells, but only under selected conditions of low PDGF doses and an early time point [22] . Otherwise, canvassing a range of PDGF concentrations and time points, we have not resolved any significant effect [19] . These observations are corroborated by the independent measurements of PDGF-stimulated Akt phosphorylation in the present study (Figure 2c ). Although the blot shown exhibits a noticeably reduced band intensity for S17N Ras-expressing cells stimulated with 1 nM PDGF for 15 min, quantification across biological replicates indicated that the estimated reduction of Akt phosphorylation (normalized by a loading control) was a mere 9 + − 17 % under the experimental conditions (mean + − S.E.M.). Under FGF stimulation, it is plausible that the Ras-PI3K link plays a more prominent role, but the low level of Akt phosphorylation elicited by FGF in our cells does not allow for a definitive analysis of this possibility.
Computational analysis of Ras-and PI3K-dependent activation of the ERK cascade in the FGF receptor signalling network
We previously formulated a coarse-grained kinetic model of the PDGF receptor signalling network, accounting for Ras-and PI3K-dependent signalling to ERK and multiple negative-feedback mechanisms [20] ; as explained in detail in the Supplementary Online Data, a related model with 44 adjustable parameters was formulated for the FGF receptor network. As in our previous studies, the approach here is not designed to identify a single set of 'best' parameter values, for it has been argued that the parameters in kinetic models of even moderate scope are not identifiable [25] . Rather, we seek to collect a large ensemble of parameter sets that perform almost equally well in fitting the data. With such an ensemble, one may then use the model to generate predictions and estimate their uncertainty [20] .
The global fit of the model, which identifies a large ensemble of suitable parameter sets, is shown alongside the available kinetic data (Figures 3a-3c and Supplementary Figure S2 at http://www.BiochemJ.org/bj/441/bj4410077add.htm) and allows for further analysis and predictions of a quantitative nature. For example, we computed the dMAC (dynamic MEK activation comparator), which quantitatively relates the contributions of the PI3K-and Ras-dependent inputs to MEK as a function of time; we find this analysis to be useful because the kinetics of FGFand PDGF-stimulated MEK phosphorylation are subject to strong negative-feedback adaptation, confounding a straightforward comparison. Across the spectrum of PDGF doses assessed previously (0.03-1 nM), the estimated dMAC values level out in the range 1.5-2 [20] . In other words, in the PDGF receptor signalling network, a dMAC value greater than 1 indicates that PI3K-dependent cross-talk is somewhat more potent than the Ras-dependent pathway in activating MEK. By comparison, although a careful quantification of the MEK/ERK phosphorylation data reveals a subtle effect of PI3K inhibition (Figures 3b and  3c) , the estimated dMAC for the FGF receptor network reaches a plateau at ∼0.1 (Figure 3d ), quantifying the extent to which PI3K-dependent cross-talk plays a subordinate role in this cell-receptor context.
Computational analysis of the FGF receptor signalling network accurately predicts the influence of ERK-dependent negative-feedback loops
One of the key regulatory features of the ERK signalling network is negative-feedback adaptation, which impinges both upstream and downstream of Ras. Parsing the different mechanisms of concurrent feedback regulation is another level of analysis that calls for a kinetic modelling approach. In the quantitative fit of the model, feedback regulation upstream of Ras is determined by comparing the Ras-GTP loading data obtained in the presence compared with the absence of a MEK inhibitor (Figure 3a) . With the magnitude of the upstream feedback constrained, the feedback downstream of Ras is left to account for the residual desensitization of the pathway resulting in transient MEK phosphorylation kinetics (Figure 3b) .
To test the validity of this model, we evaluated its ability to predict a priori the effect of simultaneous siRNA knockdown of ERK1 and ERK2 (∼80 % reduction in total ERK1/2, as estimated by immunoblotting), which relieves the aforementioned negativefeedback loops; accordingly, MEK phosphorylation is markedly enhanced relative to the control (Figure 4a ). In the corresponding model prediction, there is an expected degree of variability across the ensemble of parameter sets, as shown by large S.D. values; however, as a central estimate, the ensemble mean is almost perfectly aligned with the data (Figure 4b ). Given the size of the ensemble (n = 10 000), the S.E.M. is only 1 % of the S.D.
To assess the relative contributions of the two layers of negative feedback, we selectively turned off one or the other type of feedback in the FGF receptor network model. Turning off the upstream feedback only modestly enhanced MEK phosphorylation in the model in comparison with silencing the downstream feedback, which resulted in nearly stoichiometric phosphorylation of MEK (Figure 4c ). These results strongly suggest that negative feedback impinging downstream of Ras and upstream of MEK plays a dominant role in regulating the pathway, consistent with our previous analysis of PDGF receptor-mediated signalling [20] . 
A single model encompassing the PDGF and FGF receptor networks reveals quantitative differences in the propagation of Ras/ERK signalling
Having demonstrated that kinetic models of the FGF and PDGF receptor signalling networks with similar mathematical structures are capable of generating good fits to all available data and a certain degree of predictive power, we sought to identify minimal parametric requirements that reconcile the two network models. That is, for those processes not directly affected by receptorlevel interactions (those which are downstream of Ras-GTP and 3 -phosphoinositide accumulation), we assessed whether or not a common set of model parameters could simultaneously capture FGF-and PDGF-stimulated signalling kinetics. If not, we wanted to identify which alterations of the parameters (differences between the two networks as stimulated by FGF compared with PDGF) allowed a good fit of both data sets.
To address these questions, a series of four model variations were formulated and globally fitted to the available data for FGF and PDGF; care was taken to co-normalize the two data sets based on the side-by-side measurements shown in Figure 1 . The model variations focus on differences in the phosphorylation kinetics of MEK (which, according to our model, could reflect the levels and/or potencies of the MEK kinase activities mobilized by Rasand PI3K-dependent signalling) and of ERK (Supplementary Online Data and Table 1 ). In the least complicated variation 1, MEK and ERK phosphorylation kinetics, as stimulated by FGF and PDGF, are identical; that is, the two receptor networks differ only in their propensities for generating Ras-GTP and 3 -phosphoinositides. Although variation 1 is most satisfying from the standpoint of Occam's razor, it fails to accurately capture the kinetics of FGF-stimulated MEK/ERK phosphorylation. For the saturating dose of 1 nM FGF-2, the model cannot distinguish the MEK and ERK phosphorylation kinetics in PI3K-inhibited compared with control cells (Figure 5a ), as reflected in the corresponding error metrics (Table 1) . By comparison, variation 2 allows MEK phosphorylation kinetics to vary between FGF and PDGF, and offers a demonstrably better fit (Figure 5b ), which is somewhat further improved upon by allowing both MEK and ERK phosphorylation kinetics to vary (variation 3; Figure 5c ). Compared with variation 1, the fit is not as much improved if only ERK phosphorylation kinetics are varied (variation 4; Figure 5d ). The corresponding fits of these model variations to archival PDGF data are compared in Supplementary Figure  S3 (at http://www.BiochemJ.org/bj441/bj4410077add.htm) and show that variations 1 and 4 do not allow an optimal fit to the MEK and ERK phosphorylation kinetics for LY294002-treated cells. Because these two models are constrained such that maximal FGF and PDGF receptor signalling yield identical Rasdependent contributions upstream of MEK, they are forced into a compromise: peak MEK and ERK phosphorylation levels in PI3K-inhibited cells are forced to be too high for FGF-stimulated cells and too low for PDGF-stimulated cells. The interpretation of these results taken together is as follows. Relative to maximal PDGF stimulation conditions, FGF generates a comparable level of Ras-GTP signalling, but far less PI3K-dependent signalling (on a whole-cell basis), yet the two ligands yield similar levels of MEK phosphorylation at steady state; accordingly, with PI3K inhibited, FGF stimulates higher levels of MEK and ERK phosphorylation than PDGF. Therefore, in the context of the model, the Ras-GTP stimulated by FGF must be more potent in activating MEK phosphorylation. By comparison, the kinetics of ERK phosphorylation by MEK are apparently consistent between the two networks.
Co-stimulation with FGF and PDGF activates higher levels of MEK and ERK phosphorylation, consistent with computational analysis
To further test the basic conclusions derived from computational analysis, we measured the magnitude of MEK/ERK phosphorylation stimulated in response to co-stimulation with maximal doses of FGF and PDGF, in parallel with each growth factor alone. PDGF receptor-mediated signalling in this cell background is characterized by saturation of both Ras and PI3K activation at submaximal receptor ligation (spare receptor effect); therefore if it were the case that FGF receptors access Ras-dependent signalling with equal or less potency, co-stimulation with both ligands would fail to activate MEK and ERK beyond the maximum level stimulated by PDGF. Instead, the analysis presented in the present paper suggests that co-stimulation would combine more potent Ras-dependent signalling mediated by FGF receptors with full mobilization of PI3K-dependent signalling mediated by PDGF receptors to yield greater activation of MEK and ERK. As shown in Figure 6 , this prediction was confirmed. Whereas the kinetics of MEK and ERK phosphorylation stimulated by maximal FGF compared with PDGF stimulation are consistent with those measured independently (Figure 1c) , the sum of normalized MEK levels in response to co-stimulation (times of 5, 15 and 120 min) is significantly higher than those of FGF and PDGF only (P = 0.016 and 0.038, paired Student's t tests, n = 4), with ERK phosphorylation following suit ( Figure 6 ).
DISCUSSION
Even structurally related receptors in the same cellular background should be expected to mediate the activation of intracellular signalling networks with distinct magnitudes and kinetics of protein phosphorylation. Unravelling the mechanisms that give rise to this level of complexity will be important if we are to understand how different cell types integrate information about various stimuli and how to perturb those processes to affect cell behaviour. In the present comparison of FGF and PDGF receptormediated signalling in mouse fibroblasts, quantitative analysis and modelling were used to elucidate both marked and subtle differences between the two networks.
Their major point of divergence lies in the activation of PI3K signalling, with PDGF stimulating this pathway maximally and FGF weakly stimulating. Activated PDGF receptors directly engage the regulatory subunits of type IA PI3Ks with high avidity and specificity [26, 27] , and so it is likely that potent activation of PI3K signalling is a general feature of PDGF receptor signalling. In contrast, FGF receptors generally rely upon the scaffold proteins FRS2 and Gab1 for PI3K recruitment [28, 29] , and therefore one might expect PI3K signalling to vary according to the expression levels of FRS2, Gab1 and/or other accessory proteins.
The less obvious difference between the two networks in our cells lies in their common Ras-dependent pathway to MEK/ERK activation. Whereas both growth factors maximally stimulate Ras-GTP loading and MEK/ERK phosphorylation to similar extents, the level of MEK/ERK phosphorylation elicited by PDGF stimulation relies more on PI3K-dependent signalling. Our kinetic models encompassing both receptor networks reconcile those quantitative measurements by allowing Ras-GTP generated in response to FGF to yield higher MEK kinase activity, although differential access to MEK phosphatases or differences in feedback regulation provide alternative mechanistic explanations. How might such differences be encoded? The answer, we speculate, lies in the localization of the receptors. Mathematical formulations of the standard type formulated in the present study, which are most appropriate for modelling population data [23] , do not readily account for such effects. Depending on the experimental context, growth factors are capable of stimulating Ras-GTP loading and downstream signalling not only at the plasma membrane, but also from internal membranes associated with early endosomes, Golgi apparatus and endoplasmic reticulum [30] [31] [32] . At the plasma membrane, Ras-GTP might be enriched in the vicinity of activated receptors [33] and in membrane microdomains in a Ras isoform-dependent manner [34] [35] [36] . What is clear from these and other indications is that the Ras-GTP level measured on a whole-cell basis only tells part of the story. We find it plausible that differential localization of receptors along with their intracellular binding partners results in activation of distinct Ras pools that vary in their propagation of signalling through MEK. An alternative explanation is that a third FGF-stimulated pathway, not accounted for in the present study, synergizes with Ras to more potently activate MEK kinases.
The present study was intended as a test case for more systematic comparisons of signalling networks that, analysed no further than the level of molecular connectivity/network structure, might be considered quite similar. In our view it also illustrates the various levels of quantitative scrutiny required, none higher than the level of mathematical model formulation and experimental validation, to achieve different levels of network characterization. The comparable levels of Ras/ERK signalling and the marked disparity in PI3K signalling elicited by FGF and PDGF stimulation in our cells might readily have been ascertained from a screen of the sort carried out in recent years [37] ; however, the full picture in the context of pathways that converge upon MEK and ERK phosphorylation and the feedback regulation of those pathways would have been glossed over. Hence the challenge will be how to sensibly apply more systematic approaches across an array of cellular contexts.
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Fractional recruitment of Ras-GEF enzymatic activity (e GEF ) is potentially saturable and assumed to be in quasi-equilibrium with receptor activation, which varies with time according to the kinetics of receptor binding, dimerization and down-regulation. On the basis of those considerations and minimizing the number of adjustable parameters, we formulated the following algebraic equation (eqn S1):
The phenomenological parameters A GEF (dimensionless), k 1 (min − 1 ) and k 2 (min − 1 ) are determined by data fitting, with different values at each dose of FGF (three parameters×two doses = six fit parameters here). The fits are constrained so that these parameters are all positive, and k 1 < k 2 . Approximately speaking, A GEF controls the degree of saturation of the dose response, k 2 characterizes how quickly the system responds and k 1 characterizes the adaptation of the response, e.g. through receptor down-regulation and/or ligand depletion. The variable f GEF (t) is the fraction of Ras-GEF that is freely available, i.e. not desensitized by ERK (see below).
Recruitment of PI3K enzymatic activity is modelled in an analogous fashion as follows (eqn S2):
For each of the two FGF doses, the values of k 1 and k 2 are the same as in eqn (S1), and there are different values of the saturation parameter A PI3K .
Accumulation of membrane-associated messengers Ras-GTP and 3 PI (phosphoinositide) lipids
The dimensionless densities of Ras-GTP (m Ras ) and 3 PI lipids (m 3PI ) respond to the recruitment of Ras-GEF and PI3K activities respectively, according to the following differential equations of identical mathematical form (eqns S3 and S4):
Relative to our previous PDGF receptor signalling models [1, 2] , the parameters m Ras,max and m 3PI,max are new and account for differences in the maximal activation of Ras and PI3K mediated by FGF compared with PDGF receptors in our cells (their values are equal to 1 for PDGF signalling). Another minor difference in the m Ras conservation equation (eqn S3), is the omission of a saturation parameter, , which had already been set to an arbitrarily low value in previous models to reflect the observation that most of the Ras remains in the inactive GDP-bound form.
Activation of MEK kinase activities and phosphorylation of Akt
As formulated previously, enzymatic activity directed towards the phosphorylation of MEK comprises Ras-dependent (x 1 ) and PI3K-dependent (x 2 ) contributions; PI3K-dependent signalling is also responsible for Akt phosphorylation (a p ), which is modelled in order to compare with those measurements. The following conservation equations are taken from our previous model [2] (eqns S5-S7).
;
y and y p are the unphosphorylated and mono-phosphorylated fractions of total MEK respectively, which appear in eqns (S5) and (S6) to allow for sequestration of active x 1 and x 2 by their substrates; thus the rate of MEK kinase deactivation would be correspondingly reduced.
For MEK (dual phosphorylated MEK fraction defined as y pp ), the conservation equations are as follows [2] (eqns S8-S10).
; y(0) = 1 ( S 8 )
The variables f xi (t) account for the fractions of x 1 and x 2 that are not desensitized by ERK (see below). MEK phosphatase activity (e.g. PP2A) is taken to be constant (characterized by the parameters V max,yph1 , K M,yph1 , V max,yph2 and K M,yph2 ). For ERK (non-, mono-and dual-phosphorylated fractions defined as z, z p , and z pp respectively), the conservation equations are as follows (eqns S11-S13):
; z(0) = 1 (S11)
; z pp (0) = 0 (S12)
Relative to the previous models [1, 2] , the only change here is that the ERK phosphatase activity (dual-specificity phosphatases) is taken to be constant (characterized by the parameters V max,zph1 , K M,zph1 , V max,zph2 and K M,zph2 ). This is a simplification of the previous models, in which ERK phosphatase activity was potentially affected by ERK-dependent feedback. The justification for this simplification is two-fold: the best fit of the previous PDGF receptor network model was achieved with constant ERK phosphatase activity, and experimentally we found no relationship between the expression levels of MKP1 and MKP3 (dualspecificity phosphatases that respond in different ways to growth factor stimulation) and ERK phosphorylation [2] .
Regulation of the network by ERK-dependent negative feedback
There are two distinct layers of negative feedback in the model. The first affects Ras-GEF activity through the aforementioned variable f GEF , and the second affects MEK kinase activities through the aforementioned variables f x1 and f x2 . These quantities decrease in response to ERK phosphorylation according to the following quasi-mechanistic differential equations [2] (eqns S14-S15).
Summary of model parameters and global fitting to FGF data
The equations formulated above invoke a total of 44 constant parameters, of which four are assigned fixed values (k Ras , k 3PI , k d,a and K a ; see the previous publication [1, 2] ) and 40 were subjected to a global fit to the available data set, which included the following 81 measurements for FGF stimulation: Ras-GTP loading kinetics, with and without MEK inhibitor (18 conditions; Figure 3a of the main text); MEK phosphorylation kinetics, with and without PI3K inhibitor (22 conditions; Figure 3b of the main text); ERK phosphorylation kinetics, with and without PI3K inhibitor (22 conditions; Figure 3c of the main text) and with and without phorbol ester (eight conditions; Figure S2 ); and Akt phosphorylation kinetics (11 conditions). The latter do not significantly affect the fitting of the rest of the data and parameters, because the low levels of Akt phosphorylation stimulated by FGF are scaled relative to those stimulated by PDGF ( Figure 1b of the main text); in other words, for the overall fit it is important only that the Akt phosphorylation levels produced by the model are sufficiently low.
Calculating the dMAC
The dMAC is a time-dependent quantity that compares the relative contributions of PI3K-and Ras-dependent signalling converging on MEK [2] . For a given experimental condition (in the present study a particular dose of FGF) and for each of the 10 000 selected parameter sets, the model is run with the Ras pathway silenced (m Ras = 0; PI3K-dependent activation of MEK) and then with the PI3K pathway silenced (m 3PI = 0; Ras-dependent activation of MEK). The quantity y pp /(1 − y pp ), reflecting the rate of MEK activation normalized by the amount of inactive MEK available, is calculated as a function of time, and the dMAC is calculated as the ratio of PI3K-dependent to Ras-dependent y pp /(1 − y pp ) values.
Predicting the effect of siRNA knockdown
The calculation was performed as described previously [2] . Defining δ z as the fractional knockdown of ERK1/2 (e.g. δ z = 0.8 corresponds to an 80 % reduction of intracellular ERK1/2), the prediction is implemented by multiplying or dividing the values of the following parameters by the factor (1 − δ z ), according to how they are scaled by the intracellular concentration of total ERK:
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Comparison of growth factor signalling networks
Co-alignment of PDGF and FGF receptor signalling network models
Model and data set for the PDGF receptor network
The model of PDGF receptor-mediated ERK activation described in detail previously [2] , comprising 57 constant parameters (14 fixed, 43 fitted), was used with the following simplification: the modulation of ERK phosphatase activity was neglected, such that ERK species evolve according to eqns (S11)-(S13) given above.
Together with the modifications prescribed in eqns (S3) and (S4) (removal of the fixed parameter and addition of parameters m Ras,max and m 3PI,max , which are fixed to values of one for PDGF), this results in the elimination of 11 fitted parameters and the addition of one fixed parameter, leaving a total of 47 constant parameters (32 fitted). The data used for aligning the PDGF receptor network model have been presented previously [1, 2] and include the following 209 measurements: Ras-GTP loading kinetics, with PI3K inhibited, MEK inhibited or control (21 conditions); MEK phosphorylation kinetics, PI3K inhibited compared with control (42 conditions) and with dominant-negative (S17N) Ras compared with control (42 conditions); ERK phosphorylation kinetics, PI3K inhibited compared with control (42 conditions), dominant-negative (S17N) Ras compared with control (42 conditions), and with and without phorbol ester (20 conditions). As explained in the main text of the paper, the PDGF and FGF data are co-normalized with each other based on the side-by-side kinetic data presented in Figure 1 (of the main text) and have common conversion factors for alignment of each experimental readout to the corresponding model output (see also the review of the Monte Carlo algorithm below).
Model variations used to simultaneously fit FGF and PDGF stimulation data
In the FGF receptor network model outlined above, eqns (S1) and (S2) and their eight adjustable parameters are unique to FGF receptor-mediated signalling, as are the FGF-specific values of m Ras,max and m 3PI,max in eqns (S3) and (S4) respectively. The remaining 34 parameters in the FGF receptor network model, of which 30 are fitted, are common with the PDGF receptor signalling model. Taken together, the minimum number of adjustable parameters needed to align both FGF and PDGF stimulation data is 57 (42 fitted).
Variation 1: all common parameters the same. The simplest and most restrictive model variation is one in which all 30 of the common fitted parameters alluded to above are constrained to have the same values for FGF and PDGF signalling; each parameter set is forced to best reconcile both sets of data.
Variation 2: distinct MEK activation kinetics. All parameters are constrained to be the same for FGF and PDGF signalling except the following eight MEK phosphorylation parameters: V max,x11 , K M,x11 , V max,x12 , K M,x12 , V max,x21 , K M,x21 , V max,x22 and K M,x22 . This allows the Ras-and PI3K-dependent inputs to MEK to be more or less potent depending on where and how they are activated in response to FGF compared with PDGF.
Variation 3: distinct MEK and ERK activation kinetics. In this variation, there are 12 parameters that are allowed to vary between FGF-and PDGF-stimulated signalling: the eight parameters listed under variation 2 and the four ERK phosphorylation parameters (V max,y1 , K M,y1 , V max,y2 and K M,y2 ). This is the most complicated model variation in terms of adjustable parameters and considers the possibility that the two receptors have differential accessibility to scaffold proteins that hold MEK kinase, MEK and ERK species in the same complex, for example. Variation 4: distinct ERK activation kinetics. In this variation, only the four ERK phosphorylation parameters listed under variation 4 are allowed to vary between FGF-and PDGFstimulated signalling. This model variation is the least plausible, but serves as a control of sorts for the comparisons among variations 1-3.
Review of Monte Carlo algorithm
A large ensemble of parameter sets was obtained using a modified simulated annealing algorithm described in detail previously [1, 2] . The acquisition and use of the ensemble is reviewed here. (i) Initial guesses of the parameter values were chosen. We confirmed that different initial guesses did not qualitatively change the ultimate parameter value distributions. (ii) Given an array of parameters k i for iteration i, the differential equations were solved numerically using the stiff solver ode15s, generating the kinetics for all variables as a function of time. (iii) Using a branch-andbound subroutine, we estimated a factor that converts the model output into the arbitrary experimental units for each readout j (Ras-GTP, ppMEK, ppERK and pAkt), such that the sum of squared deviations between measured and calculated values at each
